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Controlling femtosecond optical pulses with temporal precision better than one cycle of the carrier field has
a profound impact on measuring and manipulating interactions between light and matter. We explore pulses
that are carved from a continuous-wave laser via electro-optic modulation and realize the regime of sub-cycle
optical control without a mode-locked resonator. Our ultrafast source, with a repetition rate of 10 GHz, is
derived from an optical-cavity-stabilized laser and a microwave-cavity-stabilized electronic oscillator. Sub-cycle
timing jitter of the pulse train is achieved by coherently linking the laser and oscillator through carrier–envelope
phase stabilization enabled by a photonic-chip supercontinuum that spans up to 1.9 octaves across the near
infrared. Moreover, the techniques we report are relevant for other ultrafast lasers with repetition rates up to
30 GHz and may allow stable few-cycle pulses to be produced by a wider range of sources.
Ultrafast lasers produce femtosecond-duration pulses
of light and can operate as frequency combs to provide
a time and frequency reference spanning the optical
and microwave domains [1]. For applications across
science and technology, ultrafast pulse-trains with rep-
etition frequencies of 10 GHz and higher are needed
for sampling or exciting high-speed or transient events
and making precision measurements across octaves of
bandwidth. Yet simultaneously creating broad spectral
coverage, low-noise performance, and timing synchro-
nization into the femtosecond domain and below is an
unmet challenge. One approach to producing multi-
gigahertz pulse trains is through electro-optic modu-
lation (EOM) of a continuous-wave (CW) laser [2, 3].
These optical pulse generators, henceforth referred to
as “EOM combs”, first gained interest nearly fifty years
ago due to their broad tunability, reliability, high power
per mode, and spectral flatness [4, 5, 6, 7]. However,
they exhibit electronic-oscillator-limited noise that has
prevented femtosecond-level timing stabilization, and
they have been limited to relatively narrow spectral
bandwidths due to the technical difficulties of broad-
ening gigahertz-rate, low-energy pulses.
Here we present broadly applicable techniques for re-
solving the challenges associated with multi-gigahertz
pulse trains originating from EOM combs and other
ultrafast sources, such as Kerr microresonators [8] and
modelocked semiconductor lasers [9]. In particular, we
generate electro-optic pulse trains at 10 and 30 GHz
with approximately 1-ps pulse durations, and show
how to spectrally broaden them to octave bandwidths
and to temporally compress them to less than three
optical cycles (15 fs) in nanophotonic silicon-nitride
(Si3N4, henceforth SiN) waveguides. To deliver a sta-
ble ultrafast source timed with sub-cycle precision,
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our work introduces an EOM-comb configuration with
optical-cavity stabilization of the CW laser and high-Q
microwave-cavity stabilization of a 10-GHz electronic
oscillator. The microwave oscillator is phase locked
to the CW laser via f–2f stabilization of the carrier–
envelope offset, enabling complete knowledge of the
EOM-comb frequencies to 17 digits. The result is an
optical frequency comb of ∼28,000 sub-hertz-linewidth
modes spanning the near infrared with commensurate
sub-cycle timing jitter, and is enabled by key experi-
mental techniques from areas of physics, photonics, and
ultralow-noise microwave electronics
To date, this level of spectral coverage and stabil-
ity has only been achieved with lower-repetition-rate
mode-locked lasers. Now though, EOM combs are
poised to broaden the scope of ultrafast sources by
providing access to a new regime of extensible con-
struction, high repetition rates, broad bandwidth, low
noise, and ultrashort pulse durations. In particular, ap-
plications including coherent communications [10], as-
tronomical spectrograph calibration [11, 12], biological
imaging [13], and spectroscopy [14, 15, 16] will benefit
from these new EOM-based sources.
Electro-optic modulation combs
EOM combs are formed by various combinations of in-
tensity and phase modulation of a CW laser [4]. Here
we use a microwave source to drive an intensity mod-
ulator placed in series with multiple phase modulators
to produce a 50%-duty-cycle pulse train with mostly
linear frequency chirp. In the spectral domain, this
process results in a deterministic cascade of sidebands
with prescribed amplitude and phase that converts the
CW laser power into a frequency comb with a mode
spacing given by the microwave driving frequency feo
(see Fig. 1c). The frequency of each resulting mode
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Fig. 1: Carving ultrafast pulses from a CW laser with sub-cycle precision. a) A chirped pulse train is derived
from a 1550-nm continuous-wave (CW) laser using electro-optic phase and intensity modulation driven by a 10-GHz
dielectric resonant oscillator (DRO) that is locked to a high-Q microwave cavity in the stabilized-local-oscillator (STALO)
configuration. The pulse train is then optically filtered by a Fabry–Perot cavity to suppress electronic thermal noise on
the comb lines before spectral broadening in highly nonlinear fiber (HNLF) followed by a silicon-nitride waveguide.
Octave-spanning spectra allow detection of the comb offset frequency in an f–2f interferometer that is used to stabilize
the DRO output. b) Without stabilization, the microwave-derived pulse train exhibits large pulse-to-pulse timing jitter
relative to the CW carrier. When the drive frequency is stabilized by feedback from the comb offset frequency and the
STALO cavity, sub-optical-cycle phase coherence between successive pulses is achieved. Note: the stabilized pulses are
shown with zero carrier–envelope offset, though this is not generally the case. c) Frequency-domain picture of EOM-
comb generation. The unstabilized comb (red) exhibits large noise multiplication as the mode number n expands about
zero. Mode filtering (yellow) suppresses high-frequency thermal noise. The fully-stabilized comb lines (green) appear
as δ-functions because the CW-laser stability is transferred across the entire comb bandwidth. d) Optical phase noise
picture of the comb, showing the effects of the f–2f stabilization, STALO cavity, and filter cavity.
n, counted from the CW laser at frequency νp, can
then be expressed as νn = νp ± nfeo. Equivalently,
the modes can be expressed as a function of the classic
offset frequency f0 and repetition rate frep parame-
ters as νn = f0 + n′frep, where now the mode num-
ber n′ is counted from zero frequency and frep = feo.
The total number of modes generated by a single phase
modulator is determined by the microwave drive power
and the modulator’s half-wave voltage, though multi-
ple modulators can be added in series with their mi-
crowave phases aligned to linearly increase the number
of modes. The chirped-pulse output of the comb can be
readily compressed to near the Fourier-transform limit
using single-mode optical fiber [17, 18].
In order for an EOM comb to achieve phase coher-
ence between the CW pump laser and comb modes
across the entire spectrum, it is vital to keep the inte-
grated phase noise of each mode below pi radians. In
the temporal domain this corresponds to sub-cycle tim-
ing jitter and for EOM combs this requirement becomes
more difficult to achieve as the comb bandwidth is in-
creased due to microwave-noise multiplication [19]. In
fact, for octave-spanning spectra at a 10 GHz repetition
rate, this multiplication factor is roughly 20,000 and
corresponds to an 86 dB increase in phase noise. Thus,
reaching the pi-radian threshold with an EOM comb
requires careful treatment of the noise at all Fourier
frequencies.
As noted in previous work [7, 20], broadband thermal
noise in the electronic components up to the Nyquist
frequency can cause the phase-coherence threshold to
be exceeded. A Fabry–Pérot cavity can optically fil-
ter the broadband thermal noise fundamentally present
in electro-optic modulation, resulting in a detectable
carrier–envelope-offset frequency [7]. However, the cav-
ity linewidth (typically a few megahertz) places a lower
bound on the range of frequencies where this sup-
pression is possible, and therefore, it is necessary to
investigate the use of low-noise microwave oscillators
as well. This is especially important for the Fourier-
frequency range between 100 kHz and the filter-cavity
linewidth, where high-gain feedback is technically chal-
lenging. However, sufficient feedback to the oscillator
can be provided below 100 kHz via stabilization of the
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comb offset frequency f0, as described in the following
sections.
Results
A schematic of the stabilized EOM comb is shown
in Fig. 1a and a comprehensive system diagram ap-
pears in Supplementary Fig. S1. We use a commer-
cial dielectric-resonator oscillator (DRO) with a nom-
inal operating frequency of 10 GHz and 0.1% tuning
range to drive the modulators. Compared to other
commercial microwave sources, the DRO offers im-
proved phase-noise performance in the critical Fourier-
frequency range between 100 kHz and 10 MHz. The
DRO output is then amplified before driving the phase
modulators to produce the typical comb spectrum
shown in Fig. 2a.
After transmission through an optical-filter cavity
to suppress thermal noise, the chirped-pulse output
of the EOM comb is compressible to durations as
short as 600 fs, depending on the initial spectral band-
width. Unfortunately, pulse durations greater than
roughly 200 fs pose problems for typical supercontin-
uum broadening in nonlinear media with anomalous
dispersion [21, 22]. However, if the nonlinear ma-
terial exhibits normal dispersion, broadening due to
pure self-phase modulation is known to produce lower-
noise spectra due to the suppression of modulation
instability [22, 23]. Consequently, we employ a two-
stage broadening scheme [24] using a normal-dispersion
highly nonlinear fiber (HNLF) to achieve initial spec-
tral broadening and pulse compression, followed by an
anomalous-dispersion SiN waveguide for broad spec-
trum generation. The output of the first-stage HNLF
is collimated in free-space and compressed to less than
100 fs using a pair of diffraction gratings. After losses
are taken into account, pulses with energies up to
150 pJ are delivered to the SiN waveguide.
Spectral broadening in photonic waveguides
High-repetition-rate lasers (frep ≥ 10 GHz) produce
lower pulse energies for the same average power,
making it challenging to use nonlinear broadening
to produce the octave bandwidths required for self-
referencing. Previous efforts to spectrally broaden such
pulses have primarily used nonlinear fibers [6, 7, 25, 26,
27] but lithographically patterned waveguides have re-
cently emerged as a serious alternative due to their sig-
nificantly higher nonlinearity, engineerable dispersion,
CMOS-compatible integration, and high-efficiency in-
put coupling [28, 29, 30]. In at least several instances,
spectra spanning more than two octaves have been
achieved with modest input pulse energies [31, 32, 33].
Here, input-coupling efficiency to a SiN waveguide of
1544 1546 1548 1550 1552 1554 1556 1558
-60
-40
-20
Am
p.
 (d
B)
Initial Comb 10 GHz
a
600 1000 1400 1800 2200 2600
-40
-20
0
20
40
In
te
ns
ity
 (d
Bm
/n
m
)
Initial
Comb w = 1800 nm
w = 2300 nm
offset +30 dBm
W/mode
b
700 1000 1300 1600 1900 2200
-60
-40
-20
0
In
te
ns
ity
 (d
Bm
/n
m
)
Initial
Comb
w = 1800 nm
w = 1800 nm, flattened
±3 dB variation
c
W/mode
700 1000 1300 1600 1900
Wavelength (nm)
-60
-40
-20
0
In
te
ns
ity
 (d
Bm
/n
m
) w = 1800 nm
Initial comb 30 GHz
d
W/mode
Fig. 2: High-repetition-rate supercontinuum. a) Spec-
trum of the 10-GHz EOM comb directly after generation.
b) 10-GHz supercontinuum spectra spanning from 750 to
2750 nm for two different silicon-nitride waveguide widths.
The spectral intensity is scaled to intra-waveguide levels.
Also shown is the spectrum of the first-stage highly nonlin-
ear fiber (HNLF). c) 10-GHz supercontinuum optimized for
spectral flatness by reducing incident power. Between 830
and 1450 nm, a flat spectrum (±3 dB) is produced using a
single passive optical attenuator. d) Supercontinuum spec-
trum from a 30-GHz EOM comb. Top insets show comb
coherence is maintained across the entire spectrum (extinc-
tion ratio limited by resolving power of the optical spectrum
analyzers used). Bottom inset shows initial spectrum of the
30-GHz EOM comb. The y-axes in both c) and d) show the
spectral intensity obtained in the output fiber.
up to 85% (see Methods) enables a broadband contin-
uum to be generated using pulses from high-repetition-
rate ultrafast sources. Fig. 2b shows supercontinuum
spectra generated with our 10-GHz EOM comb span-
ning wavelengths from 750 nm to beyond 2700 nm for
two different waveguide geometries. Individual comb
lines across the entire bandwidth exhibit a high degree
of extinction (50 dB at 1064 nm, see Supplementary
Fig. S2 for data at 775 nm, 1064 nm, and 1319 nm)
and do not exhibit any inter-mode artifacts such as
sidebands, a common problem when mode filtering is
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used to convert low-repetition-rate combs to high rep-
etition rates [34, 35].
In order to investigate the scalability to even higher
repetition rates, we made additional supercontinuum
measurements using a 30-GHz EOM comb, which pro-
duced 600-fs, 70-pJ pulses (Fig. 2d). Despite the reduc-
tion in pulse energy compared to the 10-GHz comb,
similar broadband spectra are readily obtained. In
both cases, if the waveguide input power is kept suffi-
ciently low, smooth spectra can be obtained with high
power per comb mode. For applications requiring very
flat spectra over broad bandwidths, such as astronom-
ical spectrograph calibration [36, 37], the supercontin-
uum light can be easily collected in a single-mode fiber
and flattened using a single passive optical attenuator
(see Methods). Under these conditions, fluctuations in
spectral intensity can be kept within ±3 dB over wave-
lengths spanning from 850 to 1450 nm while delivering
more than 10 nW per mode in the fiber at 10 GHz.
Improved waveguide-to-fiber output coupling, or free-
space collimation combined with an appropriate color
filter, could potentially improve the power per comb
mode by another factor of 10.
A key advantage of chip-integrated waveguides com-
pared to nonlinear fibers is the ability to readily tune
the dispersion properties in order to generate a su-
percontinuum spectrum optimized for a particular ap-
plication. For example, tailored spectra can be ob-
tained in these devices simply by lithographically vary-
ing the waveguide width. Here, in order to achieve
self-referencing of the EOM comb with an f–2f inter-
ferometer [38], the waveguide geometry is chosen to
provide supercontinuum light directly at the second
harmonic of the 1550-nm pump laser. This scheme
decouples the supercontinuum generation from the fre-
quency doubling of the pump and allows for very stable
operation [32].
The offset frequency is detected with >30 dB SNR,
suggesting that the scheme of combining normal- and
anomalous-dispersion media indeed allows us to over-
come some of the difficulties with producing a coherent
supercontinuum using pulses longer than a few hun-
dred femtoseconds; see Supplementary Fig. S3 for SNR
versus bandwidth. Stabilization of f0 is subsequently
accomplished by feeding back to the frequency-tuning
port of the DRO. However, due to optical and elec-
tronic phase delay in this configuration, the feedback
bandwidth is limited to approximately 200 kHz and
thus is insufficient on its own to narrow the comb
linewidth set by the multiplied microwave noise of the
DRO.
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Fig. 3: EOM-comb phase noise. a) Optical phase noise of
the comb offset frequency measured at 775 nm (left axis)
and scaled to the 10-GHz repetition rate (right axis) un-
der different locking conditions. Pre-stabilizing the free-
running RF oscillator (DRO) using a high-Q microwave
cavity in the stabilized-local-oscillator (STALO) configu-
ration lowers the phase noise by up to 20 dB at frequencies
below 500 kHz. When servo feedback from the optical f0
signal is engaged, a tight phase lock is achieved that sup-
presses low-frequency noise. The β-line indicates the level
above which phase noise causes an increase in the comb
linewidth. When both the STALO and f0 locks are en-
gaged, the phase noise remains below the β-line at all fre-
quencies indicating the coherence of the CW pump laser is
faithfully transfered across the entire comb spectrum. b-d)
f0 RF beats showing the effects of each feedback loop. A
coherent carrier signal is observed (d) only when both the
STALO lock and direct f0 feedback are engaged.
Microwave noise reduction with STALO cavity
In order to reach the pi-radian threshold for phase co-
herence between the CW laser and electronic oscillator,
the output of one high-power microwave amplifier is
pre-stabilized to an air-filled aluminum microwave cav-
ity in the stabilized-local-oscillator (STALO) configu-
ration [39, 40]. By placing the STALO cavity after the
amplifier, phase noise introduced by both the DRO and
the amplifier is converted to a voltage fluctuation that
can be used as a negative-feedback correction signal for
the microwave oscillator. Locking the DRO directly to
this cavity yields an immediate reduction in phase noise
of up to 20 dB at frequencies less than 500 kHz from
the carrier (see Fig. 3a). Increasing the cavity Q or
adding an additional low-phase-noise amplifier before
4
the STALO mixer would likely improve the amount of
phase-noise reduction that is achievable due to the en-
hanced sensitivity of the frequency-discrimination sig-
nal [40].
In Fig. 3a we use the β-line [41] to distinguish be-
tween regimes where the linewidth of the comb offset f0
is adversely affected (phase noise above the β-line) and
where there is no linewidth contribution (phase noise
below the β-line). Having phase noise below the β-line
at all points is approximately equivalent to an inte-
grated phase noise below pi radians, and thus provides
a convenient visual way to assess the impact of noise at
different Fourier frequencies. For our EOM comb, the
f0 phase noise remains below the β-line at all frequen-
cies only when both the STALO lock and the f–2f lock
are used in tandem. Under these conditions, noise aris-
ing from the microwave oscillator does not contribute
significantly to the comb linewidth and thus, the CW
laser stability is faithfully transfered across the entire
comb bandwidth. Equivalently, integrating the phase
noise of the fully locked f0 beat (1.17 rad, 10 Hz to
4 MHz) yields a pulse-to-pulse timing jitter of 0.97 fs,
implying the microwave envelope coherently tracks the
optical carrier signal with sub-cycle precision.
The progression of offset-frequency stabilization is
also shown by the beat frequencies in Fig. 3b-d as each
lock is turned on. The coherent carrier seen in the off-
set frequency when fully stabilized (Fig. 3d) indicates
phase coherence has been achieved between individual
comb lines across the entire available spectral band-
width.
Few-cycle pulse generation
Mode-locked lasers producing few-cycle pulses have
had a substantial impact in diverse fields such as chem-
istry [43], attosecond science [44], micro-machining
[45], and strong-field physics [46]. However, gener-
ating stable few-cycle pulses at gigahertz repetition
rates with mode-locked lasers is technically challeng-
ing, and yet, such pulses are essential for probing the
real-time dynamics of nano- and atomic-scale systems
where repeatability is impossible or acquisition time is
at a premium. For example, coherent Raman imaging
of biological samples strongly benefits from transform-
limited ultrashort pulses, but the acquisition speed is
limited by current megahertz-rate systems [13, 47]. We
show here that the use of optical modulators to directly
carve a train of ∼1 ps pulses from a CW laser provides
an effective method for generating few-cycles pulses
thanks to the soliton self-compression effect [48, 49].
To demonstrate the ability of EOM combs to pro-
duce ultrashort pulses, the pulse power and chirp inci-
dent on the SiN waveguide are adjusted such that the
launched pulse approaches the threshold peak intensity
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Fig. 4: Few-cycle pulse generation. a) Experimental and
b) reconstructed FROG traces. c) Reconstructed temporal
pulse profile with a full-width at half-maximum duration of
15 fs (2.8 optical cycles). c) Comparison of reconstructed
and experimental spectra. The quasi-CW spectral wings of
the initial comb spectrum near 1550 nm do not contribute
significantly to the pulse and thus are not seen in the recon-
structed spectrum. At least 75% of the total optical power
is concentrated in the compressed pulse. More sophisticated
amplitude and phase compensation of the initial comb spec-
trum could allow an even larger fraction of the power to be
compressed [42].
for soliton fission near the output facet of the chip. A
normal-dispersion single-element aspheric lens is then
used to out-couple the light without introducing signif-
icant higher-order dispersion. Finally, a 2-cm-long rod
of fused silica glass recompresses the pulse to near its
transform limit.
Fig. 4 shows the reconstructed pulse profile obtained
through frequency-resolved optical gating (FROG) [50,
51]. Pulse durations of 15 fs (2.8 optical cycles, full
width at half maximum) and out-coupled pulse ener-
gies in excess of 100 pJ (1 W average power) are readily
achievable at a repetition rate of 10 GHz. Currently, it
is not possible to operate the EOM comb with full sta-
bilization while also producing few-cycle pulses as the
threshold for soliton fission must be exceeded in order
to efficiently generate light for offset-frequency detec-
tion. However, it would be possible, in a future chip
design, to utilize an on-chip splitter to both stabilize
the offset frequency and generate few-cycle pulses in
separate waveguides, as an all-in-one solution to CEO-
stabilized pulses at repetition rates in excess of 10 GHz.
Comb performance
For precision-measurement applications, the absolute
accuracy and stability of the comb is an important
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metric for comb performance. To assess these aspects
of our low-noise EOM comb, we compare the 10-GHz
repetition rate against the 40th harmonic of another in-
dependent self-referenced frequency comb operating at
a repetition rate of 250 MHz. By phase locking the ap-
propriate tooth of the reference comb to the same CW
laser serving as the pump of the EOM comb, the drift
of the CW laser can be completely canceled (see Sup-
plementary Material). Thus, the measured frequency
difference between the two comb repetition rates can
be defined solely in terms of the known RF-synthesizer
set points and used to assess the absolute frequency-
synthesis accuracy of the comb without any data fitting
or drift correction.
Fig. 5 shows the measured stability of the difference
in comb repetition rates after an acquisition time of
11,000 s. A zero-dead-time counter (Π-type) is used to
record the RF beat between the two 10 GHz signals
while the Modified Allan Deviation (MDEV) is used
for the stability calculations. At short averaging times,
τ < 2 s, the measured stability is limited by the counter
and the τ−3/2 slope is indicative of white phase noise,
as expected for two mutually phase locked lasers. For
10 < τ < 100 s, differential noise in the system frus-
trates the phase-coherent averaging, though this noise
could be reduced by path-length cancellation of the
optical paths, allowing the same degree of stability to
be reached at shorter averaging times. At 2,000 s of
averaging time, the MDEV yields a minimum uncer-
tainty of 3.1×10−17 (310 nHz) for a carrier frequency
of 10 GHz. Therefore the measured 163-nHz frequency
offset in the mean of the acquisition is statistically con-
sistent with zero synthesis error at the demonstrated
level of stability. This level of accuracy represents an
improvement of more than three orders of magnitude
over previously demonstrated EOM-comb systems [7]
and is likely only limited here by averaging time and
out-of-loop path differences between the two combs.
Due to their deterministic nature and fiber-based
construction, EOM combs are well suited for sustained
maintenance-free operation. To demonstrate this in
our system, we run the system continuously for more
than 16 hrs and achieve absolute frequency synthesis by
fully locking the comb to a hydrogen maser (see Sup-
plementary Fig. S4). No glitches in any of the locks
are observed within this period, indicating that nei-
ther temperature drifts nor beam-pointing fluctuations
due to coupling watt-level powers to the SiN chip pose
a significant obstacle for continuous operation. This
combination of operational reliability and absolute ac-
curacy may make the EOM comb an attractive tool for
future long term measurements of ultra-stable optical
frequencies and optical clock networks [53].
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Conclusions
By effectively eliminating the problems associated with
multiplicative noise, while also delivering flat broad-
band spectra, the promise of few-cycle pulses, and ac-
curate frequency synthesis, our EOM-comb system pro-
vides a versatile new ultrafast source. Furthermore, by
overcoming several experimental challenges related to
broadening and stabilizing noisy picosecond-duration
pulses, our techniques are widely applicable to exist-
ing technologies with demanding requirements, such as
chip-based microresonators or semiconductor lasers.
We note that while resonant elements in the EOM
comb currently limit broad tunability of the repetition
rate, the comb modes can still be continuously scanned
by more than their 10-GHz spacing via tuning of the
pump-laser wavelength. This would allow a comb tooth
to be set to any arbitrary frequency across the entire
multi-octave range of the comb. While this is sufficient
for most potential applications, even greater tunabil-
ity of the repetition rate should be achievable through
the use of a lower-noise tunable microwave source that
would not require additional noise reduction, possibly
in combination with cryogenic cooling.
Finally, the system offers several additional practical
benefits. For instance, these combs may also support
more photonic integration through CMOS-compatible
modulators [54], alignment-free construction, the use of
commercially sourceable components, and straightfor-
6
ward user customization. In the future, we anticipate
compact, robust EOM combs to become commonplace
across science and technology, enabling new applica-
tions for ultrastable femtosecond pulses.
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Methods
Comb generation and microwave stabilization
The central mode of the EOM comb is formed from
a 1550-nm CW laser that is stabilized with sub-hertz
linewidth to an ultra-low expansion cavity. For maximal
frequency tunability though, the comb can also be oper-
ated successfully with an external-cavity diode laser as the
pump. The CW laser is then transmitted through two to
four lithium-niobate phase modulators with low half-wave
voltage (Vpi ≈ 3 V), optically connected in series, to produce
a periodically chirped continuous waveform. At the highest
drive power of 36 dBm each modulator can make approxi-
mately 40 comb lines. An intensity modulator driven by the
same microwave drive then carves the chirped output into
a 50% duty-cycle pulse train. All components in the comb
generator are polarization-maintaining for convenience and
reliability.
The aluminum microwave cavity used to pre-stabilize the
10-GHz DRO (Synergy Microwave DRO100) has a cylin-
drical geometry and is operated in the TE011 mode with
an unloaded Q-factor of 8300. The cavity was machined
in-house, though we note that comparable commercial op-
tions are available. Leakage signal from one of the optical
phase modulators is coupled to the cavity with an incident
power up to 30 dBm. The resonator is operated in a nearly
critically coupled regime in order to achieve the maximum
carrier suppression (>30 dB) and frequency-discrimination
sensitivity from the reflected signal. An error signal for
locking the DRO to the cavity is generated by mixing this
reflected signal with the original DRO output.
Nonlinear broadening
Following the filter cavity, the pulse train is amplified
in an erbium-doped fiber amplifier (Pritel SP-LNHP-FA-
37-IO-NMA, maximum output power 5 W) before the
first stage of spectral broadening in highly nonlinear fiber
(HNLF). The HNLF has normal dispersion at 1550 nm
(D = −1.4 ps/nm/km) and its free-space output facet is
angle-cleaved to prevent back reflections. A pair of high-
transmission diffraction gratings (940 grooves/mm) is then
used to compensate the HNLF dispersion and deliver sub-
100-fs pulses to the SiN waveguide.
The photonic waveguides used for the second-stage
broadening were commercially fabricated by Ligentec us-
ing the “Photonic Damascene” process [55]. They are made
from low-pressure chemical-vapor-deposition (LPCVD)
SiN, are 15 mm in length, and have a thickness of 750 nm.
For self-referencing, a waveguide width of 1800 nm is used,
though the spectrum is easily adjustable by changing this
parameter [56]. Additionally, the waveguides have a fully
oxide-clad (SiO2) geometry that serves to both protect the
waveguide from contamination as well as likely improving
the ability of the device to withstand sustained thermal
loads when incident with up to several watts of optical
power. Input coupling to the waveguide is accomplished
using an aspheric lens with a design wavelength of 1550 nm
and a numerical aperture (NA) of 0.6 while output-coupling
is achieved with a 0.85-NA visible-wavelength microscope
objective. Both facets of the chip include inverse tapers
(minimum dimension = 150 nm, length 300 µm) for im-
proved coupling to achieve a total power throughput greater
than 70%.
Spectral flattening of the waveguide output can be ac-
complished using a passive in-line fiber attenuator with a
fixed 20-dB attenuation coefficient at 1550 nm. An ex-
ponential roll-off in the attenuation coefficient in going to
shorter wavelengths allows flattening of the spectral ampli-
tude to within a variation of ±3 dB, spanning from 850 nm
to 1450 nm.
Offset-frequency stabilization
A fiber-coupled waveguide PPLN is used for second-
harmonic generation of residual 1550-nm pump light
(100 mW) exiting the SiN waveguide for f–2f detection.
The PPLN output is temporally and spatially overlapped
with the 775-nm supercontinuum light, coupled to single-
mode fiber, and delivered to a 10-GHz-bandwidth pho-
todetector with a built-in trans-impedance amplifier. The
offset frequency is detected near 3.5 GHz and is roughly
determined by the filter cavity geometry and mirror coat-
ings. After detection, this beat is electronically mixed down
to 960 MHz before filtering and frequency division by 32.
A phase-locked loop locks the resulting 30-MHz signal to
a hydrogen-maser-referenced synthesizer by adjusting the
voltage set point of the microwave cavity lock. An auxil-
iary output of the feedback loop is also used to provide a
slow thermal correction to the microwave cavity through
resistive heaters affixed to the outside.
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Supplementary Material
This supplement provides additional experimental details and data to support the claims and conclusions dis-
cussed in the main text.
Experimental schematic
A schematic of the 10-GHz EOM comb, including both the optical and microwave stabilization components, is
shown in Fig. S1. See the main text for details.
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Fig. S1: Experimental schematic for comb generation and stabilization. See main text for details. Fiber paths, solid
lines; free-space paths, dashed lines; electrical, gray dotted lines. ULE, ultra-low expansion cavity, PM, phase mod-
ulation; IM, intensity modulation; DRO, dielectric resonant oscillator; PS, phase shifter; EDFA, erbium-doped fiber
amplifier; SLM, spatial light modulator for dispersion control; HNLF, highly nonlinear fiber; SiN, silicon-nitride waveg-
uide; BPF, band-pass filter; DBM, double-balanced mixer; STALO, stabilized-local-oscillator cavity; PPLN, periodically
poled lithium niobate.
Supercontinuum coherence and initial comb bandwidth
Individual comb lines in the silicon-nitride supercontinuum spectrum exhibit a high degree of extinction across
the entire bandwidth, as shown by the CW heterodyne beats in Fig. S2. For each wavelength region shown,
the spectra are obtained by stepping the frequency of a CW laser in 10 GHz increments and recording the
radio-frequency (RF) heterodyne spectrum at each step. Bandwidths greater than 10 GHz are recorded by
stitching together multiple acquisitions at each wavelength. Each individual 10 GHz span then contains a beat
between the CW laser and the two nearest comb modes. Individual noise floor contributions from the CW laser
and the comb are obtained at each wavelength by blocking the appropriate arm and recording a new trace.
As expected, comb lines closest to the 1550-nm pump wavelength exhibit the highest degree of contrast (nearly
60 dB at 1319 nm). However, even at the edge of the spectrum near 775 nm, more than 35 dB of contrast is
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Fig. S2: High-resolution optical spectrum of the 10-GHz EOM comb obtained from heterodyne beats with CW lasers.
Clean, high-contrast comb modes are obtained across the entire bandwidth of the supercontinuum spectrum. The fall-off
in signal-to-noise ratio in the 775-nm band at higher frequencies is due to reduced efficiency of the doubling crystal used
to generate the CW light.
11
-20 -15 -10 -5 0 5 10 15 20
Frequency (MHz)
-5
0
5
10
15
20
25
30
35
40
45
SN
R 
(dB
)
141 comb lines
121 comb lines
107 comb lines
100 comb lines
93 comb lines
100 120 140
Number of comb lines
20
30
40
SN
R 
(dB
)
Fig. S3: Offset-frequency beat notes of the 10-GHz EOM comb as a function of the number of modes in the initial
spectrum. Narrower-bandwidth comb spectra suffer from reduced coherence after supercontinuum generation. The inset
shows beat note SNR versus the number of initial comb lines.
obtained. In all cases the spectra exhibit very clean modes without any visible inter-mode artifacts or sidebands.
As discussed in the main text, broad supercontinuum generation using narrow-bandwidth seed pulses poses
significant challenges for low-noise performance. In conventional all-anomalous-dispersion media, modulation
instability can lead to noisy spectra and degradation of the comb coherence. Similar effects are seen in our
system, though the problem is strongly mitigated by the first-stage broadening in normal-dispersion HNLF. To
demonstrate this, Fig. S3 shows the offset-frequency beat notes as a function of EOM-comb bandwidth. Each
curve in the plot is obtained by symmetrically filtering the initial comb spectrum in increasing amounts using a
spatial light modulator. At each step, the amplifier power is adjusted to maximize the achievable signal-to-noise
ratio (SNR) of the beat. The SNR increases monotonically with the number of comb modes, indicating it is
advantageous to maximize the microwave drive power and the number of phase modulators for best performance.
Reliability and continuous operation
An important benefit to EOM-comb technology is its inherent reliability. To support this claim, and the ability
to generate absolute optical frequencies, we ran the system continuously overnight for more than 16 hrs. In this
configuration, a tunable external-cavity diode laser was used as the CW pump and was frequency-stabilized
through feedback from the comb offset f0. The repetition rate, on the other hand, was generated by a low-noise
microwave synthesizer, to which the DRO was phase locked. Both comb parameters were derived from an
SI-second-referenced hydrogen maser and thus provide absolute calibration of the comb modes. Fig. S4a shows
frequency counter data (gate time 1 s) of the in-loop comb offset frequency. No glitches are observed during the
entire data set.
The absolute frequency of the comb is verified during this same acquisition by counting a heterodyne beat
between the EOM-comb pump laser and an independent self-referenced fiber frequency comb (Fig. S4b). Gaps
in the record are due to the secondary comb exceeding the range of its stabilization actuators and losing phase
lock.
Accuracy and stability measurement
To assess the comb accuracy and stability, shown in Fig. 5 in the main text, the EOM comb repetition rate
was compared against an auxiliary self-referenced comb. This secondary comb was a commercial fiber laser
(frep,aux = 250 MHz) and was phase locked to the same 1550-nm CW laser that serves as the pump for the EOM
comb. The repetition rate of the EOM comb was electronically mixed with the 40th harmonic of the auxiliary
comb’s repetition rate at 10 GHz, resulting in a beat at fdiff that was counted with a frequency counter. The
exact value of fdiff can be calculated with knowledge of the comb mode numbers and the phase-lock frequency
set-points, as shown below.
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Fig. S4: Reliable overnight operation. a) In-loop counter data showing continuous glitch-free operation for more than
16 hrs overnight (30 MHz set point subtracted). b) Out-of-loop absolute frequency verification during acquisition (offset
by expected value of 30.6 MHz). Time gaps in the data are due to the reference fiber comb losing phase lock.
The EOM-comb pump-laser frequency νp is first expressed in terms of f0 and frep for each comb:
νp = f0 +Nfrep
νp = f0,aux +Mfrep,aux − fa
where N and M are the mode numbers at the pump frequency for the EOM comb and auxiliary comb, respec-
tively. fa is the frequency-offset set point used to phase lock the auxiliary comb to the CW laser.
Rewriting the comb equations in terms of the repetition rates yields:
frep =
1
N
(νp − f0)
frep,aux =
1
M
(νp − f0,aux + fa).
Subtracting frep from the 40th harmonic of frep,aux yields an expression for fdiff in terms of the frequency set
points, mode numbers, and pump frequency:
fdiff = 40frep,aux − frep
=
(
40
M
− 1
N
)
νp +
40
M
(fa− f0,aux) + 1
N
f0.
In the experiment, N = 19339. Thus, by tuning the auxiliary comb such that M = 40×N = 773 560, the νp
term is entirely canceled. Using the experimental values of fa = 40 MHz, f0,aux = 30 MHz, and f0 = 3542 MHz
yields:
fdiff =
1
N
(fa − f0,aux + f0)
= 183 670. 303 531 723 450 Hz.
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